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Abstract. A DNA Memory with over 10 million (16.8M) addresses was
achieved. The data embedded into a unique address was correctly ex-
tracted through addressing processes based on the nested PCR. The
limitation of the scaling-up of the proposed DNA memory is discussed
by using a theoretical model based on combinatorial optimization with
some experimental restrictions. The results reveal that the size of the
address space of the DNA memory presented here may be close to the
theoretical limit. The high-capacity DNA memory can be also used in
cryptography (steganography) or DNA ink.
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1 Introduction

Deoxyribonucleic acid (DNA) is well known as the blueprint of life, while it is
also an attractive material because of its excellent properties such as minute
size, extraordinary information density, and self-assembly. Focusing on these
facts in recent years, various works, especially studies in the research field of
DNA computing, have tried to develop a method for solving the combinatorial
problems or for developing DNA machines such as a DNA automata [I][2][3][4].

One of the most promising applications of DNA computing might be a DNA
memory. DNA molecules can store a huge amount of information in their se-
quences in extremely small spaces. The stored information on DNA can be kept
without deteriorating for a long period of time because DNA is very hard to col-
lapse [B]. Baum was the first to propose DNA memory, which can have a capacity
greater than the human brain in minute scale [6]. The model enables a massively
parallel associative search in a vast memory by utilizing the parallelism of DNA’s
hybridization. Rife et al. and Neel et al. have described DNA memory similar to
that of Baum’s model [7][§]. Recently, Chen et al. have proposed a DNA mem-
ory model that is capable of learning new data and recalling data associatively
[9]. Although various research has been conducted on the construction of DNA
memory, almost all of the works involve only proposals of models or only the
preliminary experiments on a very small scale. Even if they could operate cor-
rectly on a small scale, it is doubtful that the operation would be successful in
larger DNA memory because the efficiency and specificity of DNA’s chemical
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reaction become much more severe. Therefore, it is very important to prove the
technology through actual demonstration of the construction and addressing of
DNA memory.

In this work, a DNA memory with 16.8M addresses is achieved. Our proposed
DNA memory is addressable by using nested PCR and is named Nested Primer
Molecular Memory (NPMM) [T0][TT][T2]. The size of NPMM may be the largest
pool of DNA molecules, which means that there are a large number of kinds
of DNA sequences and any kind of DNA sequence can be extracted from the
pool. The advantage of our memory is addressing based on amplification, which
can amplify the target sequences and not amplify the non-target sequences. By
using this amplification in several addressing steps, the probability of extraction
of non-target DNA sequences can be very low. In fact, it is shown that any
data can be retrieved with very high fidelity. The limitation of scaling-up of
the proposed DNA memory is also discussed by using a theoretical model based
on combinatorial optimization with some experimental restrictions. The results
reveal that the size of the address space of the DNA memory presented here may
be close to the theoretical limit. The high-capacity DNA memory can be also

used in cryptography (steganography) or DNA ink [I3][14][15] [16] [I7].

2 Nested Primer Molecular Memory

NPMM is the pool of DNA strands such that each strand codes both data in-
formation and its address information. The data information (ex. binary data,
strings, etc.) is expressed by encoded base sequence. The address information
consists of several layers and each layer contains several components (specific
DNA sequences) and is expressed by the combination of components on each
layer. These layers are divided into two portions and are located on both sides
of the data. In this work, we deal with the following one called 16.8M-NPMM:
three layers on each side (named XY, X € {4,B,C}, Y € {L,R}) and six-
teen sequences (20 mer) on each layer (named XY4i, ¢ € {0,1,2...15}). Each
DNA molecule is structured such as CLx-CLlink-BLx-BLlink-ALx-ALlink-
Data-ARlink-ARx-BRlink-BR+-C Rlink-C Rx as shown in Fig[ll The notation
> means the concatenation of DNA sequences. The XYlink (X € {A, B,C},
Y € {L,R}) indicates a linker section (20 mer) and these are used to con-
struct 16.8M-NPMM. The address information is expressed by the combination
of XY denoted by such as [CLi, BLj, ALk, ARl, BRm, CRn] (i,j,k,l,m,n €
{0,1,...15}). The address space of 16.8M-NPMM is about 16.8 million (= 16° =
16,777,216).

Operations for retrieving the stored data are executed by specifying each ad-
dress layer based on PCR. For easy understanding, we will now explain how to
retrieve the target information stored at [C L0, BL2, AL4, AR5, BR3, C'R1] from
16.8M-NPMM (Fig. Bl). For the first operation, PCR is performed for 16.8M-
NPMM using CL0O and C'R1 as primer pairs (z is the complementary DNA
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Fig. 1. Sequence structure of each DNA strand in 16.8M-NPMM. The area expressing
the address information consists of six layers (XY, X € {A,B,C}, Y € {L,R}) and
ten sequences are defined in each layer (named XY74, ¢ € {0,1,2...15}). The address
space of 16.8M-NPMM is over 10 million.

sequence of x). As a result, we can extract the collection of DNA molecules
containing C'L0 and C'R1 from 16.8M-NPMM and exclude all DNA molecules
without C'LO or CR1. This is because PCR yields a significant difference in the
concentration between the amplified and non-amplified DNA molecules; there-
fore, we can disregard the non-amplified DNA. Next, we perform the second
PCR using BL2 and BR3 for the diluted solution after the first PCR. At this
point, we can extract the DNA molecules containing C' R0, CR1, BL2 and BR3.
Next, we perform the third PCR for each diluted solution using AL4 and ARS5.
After all PCRs are completed, we can extract only the DNA molecule expressing
[CLO, BL2, AL4, AR5, BR3, C'R1] that codes the target data. Sequencing and
decoding the extracted DNA molecules allows us to retrieve the target data.

3 Construction and Addressing of 16.8M-NPMM

We carried out laboratory experiments to verify the behavior of NPMM
with over ten million address spaces. For simplicity and easy detection,
the stored information in 16.8M-NPMM is either Data20 (20 mer), Datad0
(40 mer) or Data60 (60 mer). Datad40 is embedded into a unique address
[CLO, BLO, ALO, ARO, BRO, C'R0], and Data60 is embedded into another unique
address [CL8, BL8, AL8, AR8, BR8, C R8|, while Data20 is in all addresses. By
observing the results of data extraction, the success of the addressing is evalu-
ated. Note that Data40 and Data60 are stored in only one address among 16.8M
addresses. We can detect the behavior very easily using only gel electrophoresis
due to the difference in length. All DNA sequences in this work were designed
by using a Two-Step Search Algorithm to avoid any mis-hybridization based on
Hamming Distance [I8]. Of course, another algorithm for designing DNA se-
quences can be used[19][20][21]. Moreover, to avoid a secondary structure, they
are designed so that the free energy of each DNA molecule can reach a high score
by using an m- fold algorithm customized for DNA molecules [22] [23] [24] [25].
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Fig. 2. Operations for retrieving the target DNA from NPMM are implemented in the
nested PCR. In this case, the target address is [CL0O, BL2, AL4, AR5, BR3, C'R1].
Only if specifying the target address is completed will the target DNA be extracted
from the large mixture of DNA molecules. If any other address is specified, non-target
DNA will be extracted. The faint portions are the areas eliminated by the previous
PCR.

3.1 Construction of 16.8M-NPMM

We prepare a DNA molecule such as Ci-C Llink, CLlink-Bj-BLlink, BLlink-
Ak-ALlink, ALlink-Data20-ARlink, ALlink-Data40-ARlink, BRlink-ARI -
ARlink, CRlink-BRm-BRlink and CRn-CRlink (i, j, k,l,m,n € {0,1...15}).
The first step is to perform PCR for DNA containing Data20 using B Llink-Ak-
ALlink and BRIlink-ARI-ARlink as primer pairs. This leads the AL and AR
layers to Data20 based on the priming reaction of the linker sections. Similarly,
other layers are also integrated using linker sections as knots. These steps pro-
duced about 16.8M whole addresses. Specific data (Data40 and Data60) are also
created using the same method. There were no unwanted products through each
experimental process (data not shown). Next, we measure the total amount of
the whole pool of memory molecules and the Data40 and Data60 are mixed into
the pool so that the number of each longer DNA and other DNA are equivalent.

3.2 Addressing from 16.8M-NPMM

We used sixteen kinds of addresses shown in Table[Il as test samples. The image
of PolyAcrylamide Gel (Fig. B)) shows the results of laboratory experiments for
the addressing operations. The three lanes in each surrounded area correspond
to each addressing. The most right lane indicates the result after the final PCR.
From the results of Fig. Bl we can see there was no minor band throughout the
whole experiment. DNA product 120 bp long was obtained only in address All 0
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Fig. 3. Result of PolyAcrylamide Gel Electrophoresis for addressing: he three lanes in
each surrounded area correspond to each addressing. Three lanes in each surrounded
area correspond to the result of the first PCR, the second PCR and the final PCR,
respectively. Alli means the address [C'Li, BLi, ALi, ARi, BRi, CRi].

Table 1. Addressing Samples

Label Address Data

All O [CLO, BRO, ALO, ARO, BLO, C'R0] Data20, Data40

All 8 [CL8, BL8, AL8, ARS8, BR8, C'R8] Data20, Data60
Alli (i=0,--,15,i #0,8) [CLi, BLi, ALi, ARi, BRi, C Ri] Data20

and DNA product 140 bp long was obtained only in address All 8, while all other
addresses output product 100 bp long. Therefore, we can successfully extract the
corresponding data of each address among over 10 million addresses. Based on
these facts, although we did not confirm all addresses, we assume that NPMM
could reliably screen and extract a target DNA molecule from over 10 million
DNA mixtures. In DNA memory, it is most important to extract the target data
with high fidelity. Therefore, this experiment strongly supports the effectiveness
of NPMM.

4 Theoretical Analysis of Capacity Limitation

It is obvious that the scaling up of NPMM is limited due to some physical or
chemical restrictions such as the limitation of the amount of DNA in solution
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Fig. 4. Combinatorial optimization problem for NPMM analysis

and the number of DNA sequences available for the layer area. Therefore, it is
important to discern how far the capacity of NPMM can be extended. We pro-
pose an addressing model for analyzing NPMM capacity limitations based on the
combinatorial optimization problem. By solving this optimization problem, the
maximum capacity of NPMM and the optimal assignment of address sequences
to each address area can be obtained.

The capacity of NPMM depends on the address space and size of each da-
tum. However, since enlarging address space is more difficult experimentally, we
mainly discuss the enlargement of address space here. We deal with such models
as L layers (L is integer grater than one) and n; DNA sequences located on the
ith layer (n; > 2,1 € {1,2,...L}, i indicates a layer location from left side). For
simplicity, the data area is abbreviated.

First, we consider the requirements for operating NPMM correctly and then
write out a mathematical formula as constraints. Then, based on the constraints,
we establish an expression to calculate the maximum capacity of NPMM (Fig.
M). The expression outputs the arrangements of n; (i € {1,...L}) maximizing
the address space while satisfying the constraints when input parameters are
given. The input parameters should be the ones used in laboratory experiments
to reflect the actual environment.

4.1 Model of the Addressing of NPMM

Input Parameters: P is the total number of primer molecules and should range
from 1.2 x 10'3 to 5.0 x 10'3. These values are practically appropriate for 100ul
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of PCR mixture. L is the number of layers. N is the total number of DNA
sequences for address layers, which are designed so carefully that they can be
available as PCR primer. v expresses the initial amount of each DNA strand
in NPMM and v must be greater than one. Otherwise, it means that several
address units are missing in memory. « expresses the rate between the total
number of amplified DNA strands and that of non-amplified DNA strands after
PCR. To succeed with each addressing process, a should be large enough so
that the non-amplified DNA strands can be eliminated. max cycle is the upper
limit of PCR cycles.

Objective function: The target function is calculated as follows:

L
Capacity = H n?.
i=1

Capacity, which is the width of address-space, depends on n;. That is, this
problem is an optimization problem to explore an arrangement n; to maximize
Capacity while satisfying the following constraints.

Constraints: These constraints are provided to ensure NPMM’s behavior. Con-
straint (1) is obviously to express the address structure of NPMM. Constraint
(2) ensures that all sequences located on each layer must be well-designed DNA
sequences that can avoid any mis-hybridization or mis-priming. Constraints (3),
(4) and (5) are established to make each addressing operation possible physically,
and these three constraints must be satisfied in each ith addressing operation
(1 € {1,2,...L}). ¢; is the number of PCR cycles for addressing the ith layer.
Constraint (3) ensures that each addressing operation is able to work. The terms
ampe, and non amp,, are calculated as follows:

L L
ampe, = v H nJQ +v(2% —1) H nJQ
j=i+1 j=i+1
L L
non ampe, = v(n? — 1) H nJQ + 2vei(n; — 1) H nf
J=i+1 Jj=it+1

ampe; and non amp,., indicate the total amount of amplified and non-amplified
DNA strands after the ith PCR, respectively. Therefore, amp., must greatly
exceed non ampe, [26][27]. (Here, we use «.) Constraint (4) expresses the total
amount of amplified DNA molecules in the ith PCR. According to the principle of
PCR, the total amount of amplified DNA in the PCR is never greater than that of
the PCR primer. The former term is the increment of target DNA strands, which
are amplified exponentially. The latter term is the increment of non-target DNA
strands, which are linearly amplified from only one side priming. Constraint (5)
is defined to avoid excess PCR cycles because excess PCR cycles cause unwanted
reaction. That is, constraints (3), (4) and (5) ensure that a large difference in
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concentration is acquired between amplified and non-amplified DNA after PCR
for addressing the ith layer.

4.2 Computational Result

According to this expression, we explore the theoretical maximum capacity of
NPMM by exhaustive search. The input parameters are shown in Table Pl The
computational results are shown in Table [Bl

Table 2. Parameter settings

P 50x10"

L 2,34

N 200

@ 1000

v 100
max cycle 30

P is set to the standard number of primers used in 100 pl of PCR mixture. L is
the very important parameter for defining capacity. However, a large L makes
the laboratory experiments cumbersome and complicated. In this paper, we se-
lected L = 2,3,4 and analyzed in these cases. As for a and v, what values are
appropriate for a successful addressing operation are as yet unclear. Therefore,
we negatively set these values to 1,000 and 100, respectively. N is determined
based on works in the research field of DNA word design problems.

Table 3. Theoretical capacity of case of L = 2,3,4. The numbers in brackets means
the assignment of the number of address sequences, In the case of L = 2, it is shown
that the optimal assignment of the address sequences to (BL, AL, AR, BR) is (50, 50,
50, 50).

Layer L=2 L=3 L=4
Capacity 6,250,000 274,233,600 297,666,009
(50,50,50,50) (69,16,15,15,16,69) (71,9,9,3,3,9,9,71)

A chemical reaction inevitably includes fluctuations (for example, the devi-
ation of the number of DNA strands in NPMM and that of the amplification
efficiency), so v should be greater than 100 to accomplish operations of NPMM
with a high degree of fidelity. Therefore, the limitation of NPMM is expected up
to MEGA order. However, this is an ideal one when a PCR reaction is carried
at the maximum efficiency (amplification efficiency is always twice, and the un-
wanted reaction does not occur). Probably, practicable marginal capacity will
be slightly smaller, and so the 16.8M-NPMM of L = 3 we constructed here has
a large capacity considerably close to the practical limit.
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5 Concluding Remarks

In this work, we dealt with NPMM, which is our proposed DNA memory. We con-
structed NPMM with over 10 million address spaces (16.8M-NPMM), and then
several addresses were operated. From the experimental results, they showed
completely correct behavior. Furthermore, since we showed that 16.8M-NPMM
works with very high fidelity, we can conclude that DNA memory with 16.8M
address spaces is achieved. We established a technology that selects only specific
DNA from many kinds of DNA in mixture. The achievement of 16.8M DNA
memory may be the largest pool of DNA mixture so far.

The latter part mainly discusses the theoretical limitations of NPMM’s ca-
pacity. The behavior of NPMM was expressed by mathematical formula. By
solving a combinatorial optimization problem, we could estimate that the the-
oretical limitation is MEGA order. Taking the efficiency of a chemical reaction
into consideration, the process will become less practical.
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